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SYSTEM AND METHOD FOR PROCESSING DIVERGENT SAMPLES IN 
A PROGRAMMABLE GRAPHICS PROCESSING UNIT 
FIELD OF THE INVENTION 

[0001 ] The present invention generally relates to graphics processing and more 
specifically to a system and method for processing divergent samples in a programmable 
graphics processing unit. 

BACKGROUND 

[0002] Current graphics data processing includes systems and method developed to 
perform specific operations on graphics data such as, for example, linear interpolation, 
tessellation, rasterization, texture mapping, depth testing, etc. Traditionally, graphics 
processors used fixed function computational units to process graphics data; however, 
more recently, portions of graphics processors have been made programmable, enabling 
such processors to support a wider variety of operations for processing vertex and fragment 
data. 

[0003] To further increase performance, graphics processors typically implement 
processing techniques such as pipelining and then attempt to process graphics data in 
parallel in the different parts of the graphics pipeline. Such techniques allow graphics 
resources and computation results to be shared, thereby increasing processing efficiency. 
Inflexible parallel processing of graphics data, however, limits the performance of graphics 
processors, especially if the processing is synchronous. For example, allowing a subset of 
the graphics data to diverge to execute a conditional branch, a jump, call return or the like 
may be preferable under certain conditions. 
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[0004] Accordingly, it would be desirable to provide graphics processing techniques 
that retain the efficiencies of synchronous processing, but also accommodate these types of 
divergences. 

SUMMARY 

[0005] One embodiment of a method for processing divergent samples in a 
programmable graphics processing unit includes the step of incrementing a subroutine 
depth of a first sample to designate that first call instructions are to be executed on the first 
sample. The method also includes the steps of pushing state data of a second sample upon 
which the first call instructions are not to be executed onto a global stack and executing the 
first call instructions on the first sample. 

[0006] One advantage of the disclosed method is that it enables a graphics processor 
to accommodates divergences in the fragment processing pipeline that are related to a call- 
return or the like. This capability increases the flexibility of a SIMD-oriented system by 
enabling such a system to operate in a divergent mode when doing so is desired. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0007] FIG. 1 is a block diagram illustrating a computing system, according to one 
embodiment of the invention; 

[0008] FIG. 2 is a block diagram illustrating the fragment processing pipeline of FIG. 
1, including the shader and the raster analyzer, according to one embodiment of the 
invention; 

[0009] FIG. 3 is a conceptual diagram illustrating a PC token, according to one 
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embodiment of the invention; 

[001 0] FIG. 4 is a conceptual diagram illustrating a program flow corresponding to the 
one or more instructions of the instruction sequence of FIG. 3, according to one 
embodiment of the invention; 

[001 1 ] FIG. 5 is a conceptual diagram of a global stack and a stack depth scoreboard 
used to track the divergence of one or more samples in the program flow of FIG. 4, 
according to one embodiment of the invention; 

[0012] FIGS. 6A and 6B are a flow chart of method steps for processing one or more 
divergent samples, according to one embodiment of the invention; 
[001 3] FIG. 7 is a block diagram illustrating a computing system, according to another 
embodiment of the invention; 

[0014] FIG. 8 is a block diagram illustrating the programmable graphics processing 
pipeline of FIG. 7, according to one embodiment of the invention; 
[001 5] FIG. 9 is a conceptual diagram illustrating a plurality of processing threads, 
according to one embodiment of the invention; 

[001 6] FIG. 10 is a conceptual diagram illustrating a program flow corresponding to 
the one or more instructions of the instruction sequence of FIG. 9, according to one 
embodiment of the invention; 

[001 7] FIG. 1 1 is a conceptual diagram of a set of stacks used to track the divergence 
of one or more samples in the program flow of FIG. 10, according to one embodiment of 
the invention; 

[001 8] FIG. 12 is a flow chart of method steps for synchronizing one or more divergent 
samples, according to one embodiment of the invention; and 
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[001 9] FIG. 13 is a flow chart of method steps for processing one or more divergent 
samples, according to another embodiment of the invention. 



DETAILED DESCRIPTION 

[0020] FIG. 1 is a block diagram illustrating a computing system 100, according to one 
embodiment of the invention. As shown, computer system may include, without 
limitation, a host computer 110 and a graphics subsystem 111. Computing system 100 
may be a desktop computer, server, laptop computer, palm-sized computer, tablet 
computer, game console, cellular telephone, computer based simulator, or the like. Host 
computer 110 includes a host processor 1 14, which may include a system memory 
controller to interface directly to a host memory 1 12 or may communicate with host 
memory 1 12 through a system interface 115. System interface 1 15 may be an I/O 
(input/output) interface of a bridge device including the system memory controller to 
interface directly to host memory 112. 

[0021 ] Host computer 110 communicates with graphics subsystem 1 1 1 via system 
interface 1 15 and a graphics interface 1 17. Data received at graphics interface 1 17 can be 
passed to a geometry processor 130 or written to a local memory 140 through memory 
controller 120. Memory controller 120 is configured to handle data sizes from typically 8 
to more than 128 bit. For example, in one embodiment, memory controller 120 is 
configured to receive data through graphic interface 117 from a 64-bit wide external bus 
115. The 32-bit data is internally interleaved to form 128 or 256-bit data types. 
[0022] A graphics processing pipeline 105 may include, without limitation, geometry 
processor 130 and a fragment processing pipeline 160, each of which contains one or more 
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programmable graphics processing units that perform a variety of specialized functions. 
Such functions include, without limitation, table lookup, scalar and vector addition, 
multiplication, division, coordinate-system mapping, calculation of vector normal, 
tessellation, and calculation of derivatives, interpolation and the like. Geometry processor 
130 and fragment processing pipeline 160 are optionally configured such that data 
processing operations are performed in multiple passes through graphics processing 
pipeline 105 or in multiple passes through fragment processing pipeline 160. 
[0023] Geometry processor 130 receives a stream of program instructions and vertex 
data and performs vector floating-point operations or other processing operations. 
Processed vertex data is passed from geometry processor 130 to a rasterizer 150. In a 
typical implementation, rasterizer 150 performs scan conversion and outputs fragment, 
pixel, or sample data, including vertex data, as well as program instructions to fragment 
processing pipeline 160. Alternatively, rasterizer 150 resamples input vertex data and 
outputs additional vertices. Fragment Processing Pipeline 160 may thus be programmed to 
operate on surface, primitive, vertex, fragment, pixel, sample or any other data. For 
simplicity, the term "samples" is hereinafter used to refer to surfaces, primitives, vertices, 
pixels, fragments or the like. 

[0024] Just as geometry processor 130 and fragment processing pipeline 160 are 
optionally configured such that data processing operations are performed in a multiple 
passes, a shader 155, within fragment processing pipeline 160, is optionally configured 
using fragment programs such that data processing operations are performed in multiple 
passes through a recirculating pipeline within shader 155. Fragment programs are 
composed of program instructions compiled for execution within fragment processing 
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pipeline 160. 

[0025] Data processed by shader 155 is passed to a raster analyzer 165, which 
performs near and far plane clipping and raster operations, such as stencil, z test, etc., and 
saves the results in local memory 140. Raster analyzer 165 includes a read interface and a 
write interface to memory controller 120, through which raster analyzer 165 accesses data 
stored in local memory 140. Traditionally, the precision of the sample data written to 
memory is limited to the color display resolution (24 bits) and depth (16, 24, or 32 bits). 
Because graphics processing pipeline 105 is designed to process and output high resolution 
data, the precision of data generated by graphics processing pipeline 105 need to be limited 
prior to storage in local memory 140. For example, in various embodiments the output of 
raster analyzer 165 is 32, 64, 128-bit or higher precision, fixed or floating-point data. 
These data are written from raster analyzer 165 through memory controller 120 to local 
memory 140 either through multiple write operations or through an internal bus (not 
shown). 

[0026] When processing is complete, an output 185 of graphics subsystem 1 1 1 is 
provided using an output controller 180. Output controller 180 is optionally configured to 
deliver data to a display device, network, electronic control system, other computing 
system 100, other graphics subsystem 1 1 1, or the like. 

[0027] FIG. 2 is a block diagram illustrating fragment processing pipeline 160 of FIG. 
1, including shader 155 and raster analyzer 165, according to one embodiment of the 
invention. Shader 155 and raster analyzer 165 process samples that include sample data 
such as color, depth, texture coordinates, and the like, using program instructions compiled 
from user-defined fragment programs. The program instructions and sample data are 
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stored in memory, e.g., any combination of local memory 140 and host memory 1 12. 
Within shader 155, program instructions are converted into codewords that control the 
processing to be done by the computational units in fragment processing pipeline 160. 
[0028] As shown, shader 255 is comprised of a number of different units. A shader 
triangle unit 210 calculates plane equations for texture coordinates, depth, and other 
parameters. Each of a gate keeper 220, a shader core 230, a texture 240, a remap 250, a 
shader back end 260 and a combiners 270 is a graphics processing unit coupled together to 
form a recirculating shader pipeline 200. Of these graphics processing units, each of 
shader core 230, shader back end 260 and combiners 270 includes a plurality of 
programmable computation units that may be configured using codewords to perform 
arithmetic operations such as, for example, dot products, interpolation, multiplication, 
division and the like. A core back end FIFO (first in first out) 290 and a quad loop back 
256 are storage resources, e.g., register file, FIFO, or memory, included in recirculating 
shader pipeline 200. Gate keeper 220 performs a multiplexing function, selecting between 
the pipeline data from rasterizer 150, shader triangle unit 210, a feedback output 276 or 
combiners 270. Shader core 230 initiates local memory 140 read requests that are 
processed by memory controller 120 to read map data (height field, bump, texture, etc.) 
and program instructions. Shader core 230 also performs floating point computations such 
as triangle parameter interpolation and reciprocals. Sample data processed by shader core 
230 is optionally input to a core back end FIFO 290. 

[0029] The read map data or program instructions, read by shader core 230 via 
memory controller 120, are returned to texture 240. Texture 240 unpacks and processes 
the read map data that is then output to remap 250 along with the program instructions. As 
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described in further detail herein, remap 250 converts program instructions into one or 
more codewords that control the processing done by the various graphics processing units 
in fragment processing pipeline 160. 

[0030] When multi-pass operations are being performed within shader 155, remap 250 
also reads the data fed back from combiners 270 via quad loop back 256, synchronizing 
the fed back data with the processed map data and program instructions received from 
texture 240. Remap 250 formats the processed map data and fed back data, outputting 
codewords and formatted data to shader back end 260. Shader back end 260 receives 
sample data from shader core 230 via core back end FIFO 290 and triangle data from gate 
keeper 220. Shader back end 260 synchronizes the sample and triangle data with the 
formatted data from remap 250. Shader back end 260 performs computations using the 
input data (formatted data, sample data, and triangle data) based on codewords received 
from remap 250. Shader back end 260 outputs codewords and shaded data. 
[0031] The output of shader back end 260 is input to combiners 270 where the 
codewords are executed by the programmable computation units within combiners 270 
that, in turn, output combined sample data. The codewords executing in the current pass 
control whether the combined sample data will be fed back within shader 1 55 and 
processed in a subsequent pass. Combiners 270 optionally output codewords, which are 
executed by shader core 230, to gate keeper 220 using feedback path 276. Combiners 270 
also optionally output combined sample data to quad loop back 256 that may be used by 
remap 250 in a subsequent pass. Finally, combiners 270 optionally output combined 
sample data and sample data, e.g., x, y, color, depth, and the like to raster analyzer 165. 
Raster analyzer 165 performs raster operations, such as stencil, z test, etc., using the 
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combined sample data and sample data stored in local memory 140 at the x, y location 
associated with the combined sample data. The output data from raster analyzer 165 is 
written back to local memory 140 via memory controller 120 at the x, y locations 
associated with the output data. The output data may be written as 16 or 32 bit per pixel 
RGBA (red, green, blue, alpha) to a scanned out for display or used as a texture map by a 
fragment program executed in a subsequent pass within fragment processing pipeline 160 
or through graphics processing pipeline 105. Alternatively, color and depth data may be 
written, and later read and processed by raster analyzer 165 to generate the final pixel data 
prior to being scanned out for display via output controller 180. 

[0032] One characteristic of the system disclosed in FIGS. 1 and 2 is that it embodies a 
single-instruction, multiple-data ("SMD") architecture. Accordingly, once a 
programmable computation unit has been configured by a codeword, the programmable 
computation unit executes the same operation on many independent pieces of data (e.g., 
samples with corresponding sample data, such as color, depth, texture coordinates, etc.) 
associated with a graphics primitive, before being reconfigured. As described in further 
detail herein, through the use of a program counter ("PC") token assigned to a group of 
samples processed in recirculating shader pipeline 200, the same PC is assigned to the 
samples of the group to enable this functionality. Another characteristic is that a plurality 
of codewords typically may be processed in the same pass through recirculating shader 
pipeline 200 because the graphics processing units therein have a plurality of 
programmable computation units. 

[0033] FIG. 3 is a conceptual diagram illustrating a PC token 300, according to one 
embodiment of the invention. PC token 300 comprises a data structure that may be 
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configured to cause the various programmable computation units in recirculating shader 
pipeline 200 to execute an instruction sequence 306 comprising one or more instructions of 
a fragment program on a specified group of samples. As shown, PC token 300 may 
include, without limitation, a PC 302 and a codeword portion 304. PC 302 specifies the 
location of the one or more instructions of instruction sequence 306. PC 302 may be a 
physical address in the graphics memory (i.e., portions of host memory 112, local memory 
140 directly coupled to graphics processor 190, register files coupled to the computation 
units within programmable graphics processor 190 and the like), an index to a location in a 
local storage resource that contains a physical memory address or the one or more 
instructions, an offset from a value in a register that contains a physical memory address, 
or the one or more instructions or the like. Notably, since one PC token is assigned to a 
group of samples, each sample of the group has the same PC. Such a configuration 
enables the one or more instructions in instruction sequence 306 to be executed on each 
sample of the group synchronously, unless a call-return divergence occurs, as described in 
further detail herein. 

[0034] As previously described herein, remap 250 converts the one or more program 
instructions of instruction sequence 306 into corresponding codewords. These codewords 
are included in codeword potion 304 of PC token 300. More specifically, codeword 
portion 304 includes a plurality of fields, wherein each programmable computation unit of 
recirculating shader pipeline 200 is associated with at least one of those fields. A given 
codeword may be scheduled for execution by a particular programmable computation unit 
by placing that codeword in a field of codeword portion 304 associated with the particular 
programmable computation unit. Further, remap 250 is configured to dispatch PC token 
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300 into recirculating shader pipeline 200 followed by the specified group of samples upon 
which the one or more instructions of instruction sequence 306 are to be executed. 
[0035] Once dispatched, PC token 300 traverses the graphics processing units within 
recirculating shader pipeline 200 in a first (and maybe the only) pass. The codewords 
included in PC token 300 configure the various computation units associated with those 
codewords to perform the operations specified in the one or more instructions 
corresponding to the codewords on the subsequently dispatched group of samples during 
the single pass. As persons skilled in the art will understand, additional passes may be 
used to further process the specified group of samples using either different codewords or 
the same codewords. Likewise, additional passes may be used to execute operations 
specified by a given set of codewords on either a different specified group of samples or 
the same specified group of samples. 

[0036] A group of samples may include any number of samples that are related to one 
another in some fashion. For example, the samples of a group may have some sort of 
information sharing relationship between them such that efficiencies may be achieved by 
synchronously processing the samples in fragment processing pipeline 160. In one 
embodiment, a group comprises two or more pixels or fragments in a primitive. In an 
alternative embodiment, a group may comprise two or more pixels or fragments in a 
particular object or part of an object. Please note that for illustrative purposes only, in 
various parts of the remaining disclosure, a group is assumed to comprise four samples in a 
particular primitive. This group will be hereinafter referred to as "group A." 
[0037] FIG. 4 is a conceptual diagram illustrating a program flow 400 corresponding to 
the one or more instructions of instruction sequence 306 of FIG. 3, according to one 

12 



P000735 Patent Application 

embodiment of the invention. As shown, program flow 400 includes an instruction 402, 
which corresponds to Inst A of instruction sequence 306, an instruction 404, which 
corresponds to Inst B of instruction sequence 306, an instruction 406, which corresponds to 
Call/Return C of instruction sequence 306, an instruction 408, which corresponds to 
Call/Return D of instruction sequence 306, and an instruction 410, which corresponds to an 
Inst E of instruction sequence 306. As also shown, program flow 400 includes a call- 
return path 412, comprising a first call-return 414, corresponding to instruction 406, and a 
second call-return 416, corresponding to instruction 408. As persons skilled in the art will 
recognize, each of first call-return 414 and second call-return 416 may correspond, for 
example, with a different subroutine of a particular fragment program. 
[0038] As described above in conjunction with FIG. 3, at instruction 402, remap 250 
generates one or more PC tokens to cause the various programmable computation engines 
in recirculating shader pipeline 200 to execute the operations specified in Inst A on all of 
the samples of group A. Similarly, at instructions 404 and 410, remap 250 generates one 
or more PC tokens for executing the operations specified in Inst B and Inst E, respectively, 
on all of the samples of group A. Again, as persons skilled in the art will recognize, 
executing the operations specified in a given instruction on all of the samples of group A is 
consistent with the nature of a SIMD architecture. 

[0039] At instruction 406 and instruction 408, however, program flow 400 may be 
structured such that the call-return operations specified in Call/Return C and Call/Return D 
of instruction sequence 306 are not executed on all of the samples of group A. For 
example, suppose that program flow 400 is structured such that the call-return operations 
specified in Call/Return C are executed on only the second and third samples in group A, 
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and the call-return operations in Call/Return D are executed only on the third sample in 
group A. Such a situation is referred to as a "divergence" in a SIMD architecture since 
operations are performed on the second and third samples of group A that are not 
performed the first and fourth samples. 

[0040] As described in further detail below in conjunction with FIGS. 5 and 6A/6B, 
when such a divergence occurs, the system disclosed in FIGS. 1 and 2 is configured to 
hold "idle" the samples in group A that do not have call-return operations executed on 
them (sometimes referred to as the "non-divergent" samples). The disclosed system is 
further configured to track the progression of the samples in group A that do have call- 
return operations performed on them (sometimes referred to as the "divergent" samples) 
and to execute the call-return operations on those samples in a specific manner that enables 
the samples of group A become "non-divergent" once the call-return operations are 
completed. When the samples of group A become non-divergent, the disclosed system is 
able to process the samples of group A once again in a manner consistent with a SIMD 
architecture (i.e., executing the operations specified in each instruction in program flow 
400 on all samples of group A). 

[0041] More specifically, the system of FIGS. 1 and 2 is configured to associate a 
subroutine depth ("SD") (also referred to as a "stack depth") with each nesting level of the 
call-returns that comprise a given call-return path in program flow 400. For example, as 
shown in FIG. 4, first call-return 414 resides in the first nesting level of call-return path 
412. The SD associated with first call-return 414 therefore has a value of 1 . Similarly, 
second call-return 414 resides in the second nesting level of call-return path 412, indicating 
that second call-return 414 is nested within first call-return 414. The SD associated with 

14 



P000735 Patent Application 

second call-return 414 therefore has a value of 2. By contrast, instructions 402, 404 and 
410 in program flow 400 do not include any call-return instructions. For this reason, the 
SD associated with these instructions has a value of 0. The system of FIGS. 1 and 2 is 
further configured to track the SDs of the divergent samples and to execute the call-return 
operations on those samples in a specific order based on the SD of each sample such that 
the samples of group A become "non-divergent" once the call-return operations are 
completed. 

[0042] FIG. 5 is a conceptual diagram of a global stack 500 and a stack depth 
scoreboard 520 used to track the divergence of one or more samples in program flow 400 
of FIG. 4, according to one embodiment of the invention. As shown, global stack 500 
comprises a data structure that may include any arbitrary number of stack levels as 
represented by a first stack level 502, a second stack level 504 and continuing up to and 
including an Nth stack level 506. Each stack level is configured to store state data, which 
may include any type of information related to processing one or more samples of a group 
in recirculating shader pipeline 200. For example, state data may include a pointer to one 
or more samples, the sample type (e.g., pixel, fragment, vertex, primitive or the like) of one 
or more samples, the PC associated with one or more samples, a pointer specifying the 
destination location of one or more processed samples, a pointer to the output pixel or 
fragment position of one or more processed samples and the like. As described in further 
detail herein, subroutine depth scoreboard 520 is configured to enable remap 250 to track 
the SD of each sample being processed in recirculating shader pipeline 200. In one 
embodiment, both global stack 500 and subroutine depth scoreboard reside in remap 250. 
[0043] Referring back to the example posited in conjunction with FIG. 4, suppose a 
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divergence occurs in program flow 400 such that the call-return operations specified in 
Call/Return C (corresponding to program instruction 406) are executed on both the second 
and third samples of group A, and the call-return operations specified in Call/Return D 
(corresponding to program instruction 408) are executed on only the third sample of group 
A. In one embodiment, remap 250 is configured first to increment the SD of each of the 
second and the third samples of group A in subroutine depth scoreboard 520, giving the 
first and fourth samples SDs equal to zero and the second and third samples SDs equal to 
one. The SDs of the first and fourth samples indicate that no call (or return) operations 
specified in either Call/Return C or Call/Return D are to be executed on those samples. By 
contrast, the SDs of the second and third samples indicate that the call operations of first 
call-return 414 specified in Call/Return C are to be executed on both the second and third 
samples. 

[0044] Remap 250 is configured then to hold "idle" the first and fourth samples in 
group A, as these samples do not have any call (or return) operations executed on them. 
More specifically, remap 250 is configured to encode each of the first and fourth samples 
with information indicating that the various programmable computation units in 
recirculating shader pipeline 200 should not perform any operations on those samples. 
Remap 250 also is configured to push the state data of each of the idle samples (i.e., the 
state data of each of the first and fourth samples) onto global stack 500. In one 
embodiment, remap 250 is configured to write the state data of each of the first and fourth 
samples to first stack level 502 of global stack 500. The consequence of pushing the state 
data of the first and fourth samples onto global stack 500 in that the first and fourth 
samples are removed from working set of data 510, which includes all samples upon which 
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operations are performed in recirculating shader pipeline 200. 

[0045] In addition, remap 250 is configured to generate a PC token that includes the 
codewords to configure the various programmable computation units of recirculating 
shader pipeline 200 to execute the call operations specified in Call/Return C. Finally, 
remap 250 is configured to dispatch the PC token into the pipeline, followed by the first, 
second, third and fourth samples of group A. As the first and fourth samples of group A 
are encoded with non-op information, these samples are simply "along for the ride," 
meaning that these samples are not processed during the pass through recirculating shader 
pipeline 200. 

[0046] After the call operations specified in Call/Return C are executed on the second 
and third samples, remap 250 is configured to increment the SD of the third sample of 
group A in subroutine depth scoreboard 520, giving the third sample an SD equal to 2. 
The SD of the third sample (and the unchanged SDs of the first, second and fourth 
samples) indicates that the call operations of second call-return 414 specified in 
Call/Return D are to be executed on only the third sample. Remap 250 is configured then 
to hold "idle" the second sample in group A (in addition to holding the first and fourth 
samples idle) as these sample does not have any call or return operations specified in 
Call/Return D executed on them. Again, remap 250 is configured to encode the second 
sample (as well as the first and fourth samples) with no-op information such that the 
various programmable computation units in recirculating shader pipeline 200 do not 
perform any operations on these samples. 

[0047] Remap 250 also is configured to push the state data of the second sample onto 
global stack 500. In one embodiment, remap 250 is configured to write the state data of 
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the first and fourth samples residing in first stack level 502 to second stack level 504 and to 
write the state data of the second sample to first stack level 502. The state data of the 
second sample overwrites the state data of the first and fourth samples in first stack level 
502. Again, pushing the state data of the second sample onto global stack 500 removes the 
second sample from working set of data 510. 

[0048] In addition, remap 250 is configured to generate a PC token that includes the 
codewords to configure the various programmable computation units of recirculating 
shader pipeline 200 to execute the call operations specified in Call/Return D. Finally, 
remap 250 is configured to dispatch the PC token into the pipeline, followed by the first, 
second, third and fourth samples of group A. As the first, second and fourth samples of 
group A are encoded with non-op information, these samples are simply "along for the 
ride." 

[0049] After the call operations specified in Call/Return D are executed on the third 
sample, remap 250 is configured to cause the return operations specified in Call/Return D 
to be executed on the third sample of group A and the return operations specified in 
Call/Return C to be executed on the second and third samples of group A. More 
specifically, after all of the call operations in call-return path 412 have been executed, 
remap 250 is configured first to identify from subroutine depth scoreboard 520 the samples 
in group A that have the greatest subroutine depth. At this juncture in program flow 400, 
the first and fourth samples have SDs equal to zero, the second sample has an SD equal to 
one and the third sample has an SD equal to two. The third sample thus has the greatest 
SD, indicating that the return operations specified in Call/Return D are to be executed on 
only the third sample. 
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[0050] Remap 250 is configured then to hold "idle" the first, second and fourth 
samples. Again, remap 250 is configured to encode the first, second and fourth samples 
with no-op information such that the various programmable computation units in 
recirculating shader pipeline 200 do not perform any operations on those samples. In 
addition, remap 250 is configured to generate a PC token that includes the codewords to 
configure the various programmable computation units of recirculating shader pipeline 200 
to execute the return operations specified in Call/Return D. Finally, remap 250 is 
configured to dispatch the PC token into the pipeline, followed by the first, second, third 
and fourth samples of group A. As the first, second and fourth samples of group A are 
encoded with non-op information, these samples are simply "along for the ride." 
[0051] After the return operations specified in Call/Return D have been executed on 
the third sample, remap 250 is configured to decrement the SD of the third sample in 
subroutine depth scoreboard 520, giving the third sample an SD equal to one. Remap 250 
is further configured to pop the state data out of first stack level 502 of global stack 500, 
restoring the sample(s) related to that state data (i.e., the second sampled group A) to 
working set of data 510. Remap 250 also is configured to write the state data residing in 
second stack level 504 (i.e., the state data of the fist and fourth samples) to first stack level 
502. The state data of the first and fourth samples overwrites the state data of the second 
sample in first stack level 502. 

[0052] After popping the state data from first stack level 502, remap 250 is configured 
again to identify from subroutine depth scoreboard 520 the samples in group A having the 
greatest subroutine depth. At this juncture in program flow 400, the first and fourth 
samples have SDs equal to zero, and the second and third samples have SDs equal to one. 
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The second and third samples thus have the greatest SD, indicating that the return 
operations specified in Call/Return C are to be executed on both the second and third 
samples. Remap 250 is configured then to hold "idle" the first and fourth samples. Again, 
remap 250 is configured to encode the first and fourth samples with non-op information 
such that the various programmable computation units in recirculating shader pipeline 200 
do not perform any operations on those samples. In addition, remap 250 is configured to 
generate a PC token that includes the codewords to configure the various programmable 
computation units of recirculating shader pipeline 200 to execute the return operations 
specified in Call/Return C. Finally, remap 250 is configured to dispatch the PC token into 
the pipeline, followed by the first, second, third and fourth samples of group A. As the 
first and fourth samples of group A are encoded with non-op information, these samples 
are simply "along for the ride." 

[0053] After the return operations specified in Call/Return C have been executed on 
the second and third samples, remap 250 is configured to decrement the SDs of the second 
and third samples in subroutine depth scoreboard 520, giving the second and third samples 
SDs equal to zero. Remap 250 also is configured to pop the state data out of the first stack 
level 502 of global stack 500, restoring the sample(s) related to that state data (i.e., the 
second and third samples of group A) to working set of data 510. 

[0054] At this juncture in program flow 400, each of the first, second, third and fourth 
samples of group A has an SD equal to zero, indicating that the samples have become non- 
divergent. The disclosed system may therefore continue to process the samples of group A 
in a manner consistent with a SMD architecture beginning with instruction 410, which is 
the next instruction in program flow 400. As described above in conjunction with FIG. 3, 
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remap 250 is configured to generate a PC token to cause the programmable computation 
units in recirculating shader pipeline 200 to execute the operations specified in instruction 
410 (corresponding to Inst E of instruction sequence 306) on all of the samples of group A. 
[0055] FIGS. 6A and 6B are a flow chart of method steps for processing one or more 
divergent samples, according to one embodiment of the invention. Although the method 
steps are described in the context of the systems illustrated in FIGS. 1-5, any system 
configured to perform the method steps in any order is within the scope of the invention. 
This description assumes for illustrative purposes only that the operations specified in an 
instruction sequence are executed on a group of samples in recirculating shader pipeline 
200 of FIG. 2 using a PC token. This description also assumes that one or more samples in 
the group have diverged, via a call-return or the like, as previously described herein. 
[0056] As shown in FIGS. 6A and 6B, the method of tracking the divergence starts in 
step 600 where remap 250 interprets the current instruction in the instruction sequence. In 
one embodiment, remap 250 performs this interpretation step while converting the 
instruction to one or more codewords. In step 602, remap 250 determines whether the 
instruction includes a call-return. If the instruction does not include a call-return, then the 
method proceeds to step 604, where the operations specified in the instruction are executed 
on all of the samples of the group, consistent with a SIMD architecture. In one 
embodiment, remap 250 generates a PC token that includes the codewords that configure 
the various programmable computation units in recirculating shader pipeline 200 to 
execute those operations. Remap 250 then dispatches the PC token into the pipeline, 
followed by the samples of the group. In step 606, remap 250 identifies the next 
instruction to be executed in the instruction sequence and the method returns to step 600. 
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[0057] If, however, the instruction does include a call-return, then the method proceeds 
to step 608. In step 608, remap 250 determines the samples upon which the operations 
specified in the call instructions of the call-return are to be executed and then increments 
the SD of each such sample. In one embodiment, subroutine depth scoreboard 520 enables 
remap 250 to track the SDs of each sample of the group. To the extent that remap 250 
determines that the operations specified in the call instructions are to be executed on only a 
subset of the group, a divergence occurs. 

[0058] In step 610, remap 250 holds "idle" each sample of the group upon which the 
operations specified in the call instructions are not to be executed. In one embodiment, 
remap 250 encodes each such sample with non-op information indicating that the various 
programmable computation units in recirculating shader pipeline 200 should not perform 
any operations on those samples. In step 612, remap 250 pushes the state data of the idle 
samples onto first stack level 502 of global stack 500, removing the idle samples from 
working set of data 510. To the extent that first stack level 502 already contains state 
information, remap 250 pushes that state information down to second stack level 504. 
Remap 250 continues the process of pushing state data already contained in each level of 
global stack 500 down to the next level down in global stack 500 until all state information 
in global stack 500 has been pushed down one level. 

[0059] In step 614, the operations specified in the call instructions of the call-return are 
executed on the non-idle samples, which are the samples with the greatest SD. In one 
embodiment, remap 250 generates a PC token that includes the codewords that configure 
the various programmable computation units in recirculating shader pipeline 200 to 
execute those operations. Remap 250 then dispatches the PC token into the pipeline, 
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followed by the samples of the group. The operations specified in the call instructions are 
then executed on the non-idle samples, and the idle samples are "along for the ride." 
[0060] In step 616, remap 250 determines whether the call instructions of the call- 
return include another call-return. If the call instructions do include another call-return, 
then the method returns to step 608. If, however, the call instructions do not include 
another call-return, then the method proceeds to step 618. 

[0061] In step 618, remap 250 identifies which samples of the group have the greatest 
SD. Again, in one embodiment, subroutine depth scoreboard 520 enables remap 250 to 
track the SDs of each sample of the group. In step 620, remap 250 holds "idle" the other 
samples in the group. Again, in one embodiment, remap 250 encodes each idle sample 
with non-op information, as previously described herein. In step 622, the operations 
specified in the return instructions of the call-return with a nesting level corresponding to 
the SD of the samples of the group having the greatest SD are executed on the samples 
having the greatest SD (i.e., the non-idle samples). Again, in one embodiment, remap 250 
generates a PC token that includes the codewords that configure the various programmable 
computation units in recirculating shader pipeline 200 to execute those operations. Remap 
250 then dispatches the PC token into the pipeline, followed by the samples of the group. 
The operations specified in the return instructions are then executed on the non-idle 
samples, and the idle samples are "along for the ride." 

[0062] In step 624, remap 250 decrements the SD of the samples of the group having 
the greatest SD. In step 626, remap 250 pops the state data out of first stack level 502 of 
global stack 500, restoring the sample(s) related to that state data to working set of data 
510. To the extent that second stack level 504 also contains state information, remap 250 
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pops that state information up to first stack level 504. Remap 250 continues the process of 
popping state data already contained in each level of global stack 500 up to the next level 
in global stack 500 until all state information in global stack 500 has been popped up one 
level In step 628, remap 250 determines whether any sample of the group has a SD 
greater than zero. If at least one sample has a SD greater than zero, then the method 
returns to step 618. If, however, each sample of the group has a SD equal to zero, then the 
samples have become non-divergent, and the method returns to step 606. 
[0063] Again, persons skilled in the art will understand that the system of FIGS. 1 and 
2 is simply one embodiment of a system that may be configured to perform the method 
steps of FIGS. 6 A and 6B. Therefore, as previously stated herein, persons skilled in the art 
will appreciate that any system configured to perform the method steps of FIGS. 6 A and 
6B, or their equivalents, is within the scope of the present invention. 
[0064] FIG. 7 is a block diagram illustrating a computing system 700, according to 
another embodiment of the invention. As shown, computer system 700 may include, 
without limitation, a host computer 710 and a graphics subsystem 770. Computing system 
700 may be a desktop computer, server, laptop computer, palm-sized computer, tablet 
computer, game console, cellular telephone, computer based simulator or the like. Host 
computer 710 includes a host processor 714, which may include a system memory 
controller to interface directly to a host memory 712 or may communicate with host 
memory 712 through a system interface 715. System interface 715 may be an input/output 
(I/O) interface or a bridge device including the system memory controller to interface 
directly to host memory 712. Examples of system interface 715 known in the art include 
Intel® Northbridge and Intel® Southbridge. 
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[0065] Host computer 710 communicates with graphics subsystem 770 via system 
interface 715 and an interface 717. Graphics subsystem 770 includes a local memory 740 
and a programmable graphics processor 705. Data received at interface 717 can be passed 
to a front end 730 or written to local memory 740 through a memory controller 720. 
Programmable graphics processor 705 uses graphics memory to store graphics data and 
program instructions, where graphics data is any data that is input to or output from 
computation units within programmable graphics processor 705. Graphics memory can 
include portions of host memory 712, local memory 740 directly coupled to programmable 
graphics processor 705, register files coupled to the computation units within 
programmable graphics processor 705 and the like. 

[0066] Graphics processing pipeline 703 may include, without limitation, front end 
730 that receives commands from host computer 710 via interface 717. Front end 730 
interprets and formats the commands and outputs the formatted commands and data to an 
IDX (Index Processor) 735. Some of the formatted commands are used by programmable 
graphics processing pipeline 750 to initiate processing of data by providing the location of 
program instructions or graphics data stored in memory. Each of IDX 735, programmable 
graphics processing pipeline 750 and a raster analyzer 760 includes an interface to memory 
controller 720 through which program instructions and data can be read from memory, 
e.g., any combination of local memory 740 and host memory 712. When a portion of host 
memory 712 is used to store program instructions and data, that portion of host memory 
712 can be uncached, increasing the access performance of graphics processor 705. 
[0067] IDX 735 optionally reads processed data, e.g., data written by raster analyzer 
760, from memory and outputs the data, processed data and formatted commands to 
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programmable graphics processing pipeline 750. Each of programmable graphics 
processing pipeline 750 and raster analyzer 760 includes one or more programmable 
processing units for performing a variety of specialized functions. Such functions, without 
limitation, include table lookup, scalar and vector addition, multiplication, division, 
coordinate-system mapping, calculation of vector normals, tessellation, calculation of 
derivatives, interpolation and the like. Programmable graphics processing pipeline 750 
and raster analyzer 760 are each optionally configured such that data processing operations 
are performed in multiple passes through those units or in multiple passes within 
programmable graphics processing pipeline 750. Each of programmable graphics 
processing pipeline 750 and raster analyzer 760 also includes a write interface to memory 
controller 720 through which data can be written to memory. 

[0068] In a typical implementation, programmable graphics processing pipeline 750 
performs geometry computations, rasterization and pixel computations. Therefore 
programmable graphics processing pipeline 750 may thus be programmed to operate on 
surface, primitive, vertex, fragment, pixel, sample or any other data. Again, for simplicity, 
the term "samples" is hereinafter used to refer to surfaces, primitives, vertices, pixels or 
fragments of the like. 

[0069] Samples output by programmable graphics processing pipeline750 are passed 
to a raster analyzer 760, which optionally performs near and far plane clipping and raster 
operations, such as stencil, z test and the like, and saves the results or the samples output 
by programmable graphics processing pipeline 750 in local memory 740. When the data 
received by graphics subsystem 770 has been completely processed by graphics processor 
705, an output 785 of graphics subsystem 770 is provided using an output controller 780. 
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Output controller 780 is optionally configured to deliver data to a display device, network, 
electronic control system, other computing systems 700, other graphics subsystems 770 or 
the like. 

[0070] FIG. 8 is a block diagram illustrating programmable graphics processing 
pipeline 750 of FIG. 7, according to one embodiment of the invention. At least one set of 
samples is output by IDX 735 and received by programmable graphics processing pipeline 
750. The samples are then processed according to at least one program that includes 
graphics program instructions. A program can process one or more sets of samples. 
Conversely, a set of samples can be processed by a sequence of one or more programs. 
[0071] The samples received from IDX 735 by programmable graphics processing 
pipeline 750 are stored in a vertex input Buffer 820 in a register file, FIFO (first-in first- 
out) stack, cache or the like. The samples are broadcast to one or more execution pipelines 
840, each on which includes at least one multithreaded processing unit. The samples 
output by vertex input buffer 820 can be processed by any one of the execution pipelines 
840. As described in further detail herein, a sample is accepted by execution pipeline 840 
when a processing thread within execution pipeline 840 is available. Each execution 
pipeline 840 signals to vertex input buffer 820 when a processing thread is available, 
thereby indicating that a sample can be accepted. In one embodiment, programmable 
graphics processing pipeline 750 includes a single execution pipeline 840 containing one 
multithreaded processing unit. In an alternative embodiment, programmable graphics 
processing pipeline 750 may include a plurality of execution pipelines 840. 
[0072] Execution pipeline 840 can receive first samples, such as higher-order surface 
data, and tessellate the first samples to generate second samples, such as vertices. 
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Execution pipeline 840 can be configured to transform the second samples from an object- 
based coordinate representation (object space) to an alternatively based coordinate system 
such as world space or normalized device coordinates (NDC) space. In one embodiment, 
each execution pipeline 840 communicates with texture unit 825 using a read interface (not 
shown) to read program instructions and graphics data such as texture maps from local 
memory 740 or host memory 712 via memory controller 720 and a texture cache 830. 
Texture cache 830 is used to improve memory read performance by reducing read latency, 
but may be omitted in an alternative embodiment. In another alternate embodiment, 
texture unit 825 may be included in each execution pipeline 840. In yet another alternative 
embodiment, a separate instruction fetch path may be used by each execution pipeline 840 
to retrieve program instructions and graphics data. Persons skilled in the art will recognize 
that the manner in which execution pipeline 840 retrieve program instructions and graphics 
data in no way limits the scope of the present invention. 

[0073] Execution pipelines 840 output processed samples, such as vertices, that are 
stored in a vertex output buffer 860 in a register file, FIFO, cache or the like. Processed 
vertices output by vertex output buffer 860 are received by a primitive assembly/setup 805, 
which calculates parameters, such as deltas and slopes, to rasterize the processed vertices. 
Primitive assembly/setup 805 outputs parameters and samples, such as vertices, to a raster 
unit 810, which performs scan conversion on samples, such as vertices, and outputs 
samples, such as fragments, to a pixel input buffer 815. Alternatively, raster unit 810 
resamples processed vertices and outputs additional vertices to pixel input buffer 815. 
[0074] Pixel input buffer 815 outputs the samples to each execution pipeline 840. 
Each samples output by pixel input buffer 815 is processed by only one execution 
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pipelines 840. Pixel input buffer 815 determines to which one of execution pipelines 840 
to output a particular sample based on an output pixel position, e.g., (x, y), associated with 
that sample. Thus, each sample may be output to execution pipeline 840 designated to 
process samples associated with a given output pixel position. In an alternate embodiment, 
each sample output by pixel input buffer 815 may be processed by an available execution 
pipeline 840. 

[0075] As previously mentioned herein, a sample is accepted by execution pipeline 
840 when a processing thread within execution pipeline 840 is available. Program 
instructions associated with a thread configure programmable computation units within 
execution pipeline 840 to perform operations such as texture mapping, shading, blending 
and the like. Processed samples are output from each execution pipeline 840 to a pixel 
output buffer 870. Pixel output buffer 870 optionally stores the processed samples in a 
register file, FIFO, cache or the like. The processed samples are output from pixel output 
buffer 870 to raster analyzer 760. 

[0076] In one embodiment, execution pipelines 840 are optionally configured using 
program instructions read by texture unit 825 such that data processing operations are 
performed in multiple passes through at least one multithreaded processing unit disposed 
within execution pipelines 840. Intermediate data generated during multiple passes can be 
stored in graphics memory. Again, the manner in which execution pipeline 840 retrieves 
program instructions in no way limits the scope of the present invention. 
[0077] One characteristic of the system disclosed in FIGS. 7 and 8 is that it embodies a 
multiple-instruction, multiple-data ("MIMD") architecture. Accordingly, the 
programmable computation units within the one or more execution pipelines 840 may be 
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configured to independently execute the same or different operations on different samples 
associated with a given graphics primitive simultaneously. As described in further detail 
herein, through the use of processing threads assigned to each sample of a group of 
samples processed in the one or more execution pipelines 840, a separate PC is assigned to 
each such sample to enable this functionality. 

[0078] FIG. 9 is a conceptual diagram illustrating a plurality of processing threads 900, 
according to one embodiment of the invention. As shown, plurality of processing threads 
900 may include, without limitation, a first thread 902, a second thread 904, a third thread 
906 and a fourth thread 908. Each such thread comprises a data structure that may be 
configured to cause the various programmable computation units in execution pipeline 840 
to execute one or more instructions of an instruction sequence from a fragment program on 
a given sample. As persons skilled in the art will understand, the configuration of each of 
first thread 902, second thread 904, third thread 906 and fourth thread 908 is generally the 
same. For this reason, the configuration of only first thread 902 is described herein. 
[0079] First thread 902 may include, without limitation, a PC 910, an SD 912 and a 
thread state ("TS") data field 914. PC 910 specifies the location of one or more 
instructions of instruction sequence 920 that are executed on a given sample. Such a 
location may be in, for example, graphics memory or a local storage resource within 
execution pipeline 840, e.g., a cache, a register file or the like. PC 910 may be a physical 
address in the graphics memory, an index to a location in a local storage resource that 
contains a physical memory address or the one or more instructions, an offset from a value 
in a register that contains a physical memory address or the one or more instructions, or the 
like. As described above in conjunction with FIGS. 4-6, SD 912 specifies the nesting level 
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of any call-return instructions in instruction sequence 920 that are executed on a given 
sample. TS data field 914 is configured to store thread state data, which may include any 
type of information related to processing a given sample in execution pipeline 840. For 
example, thread state data may include a pointer to a sample, the sample type (e.g., pixel, 
fragment, vertex, primitive and the like) of a sample, a pointer specifying the destination 
location of a processed sample, a pointer to the output pixel or fragment position of a 
processed sample and the like. 

[0080] As also shown in FIG. 9, each of the one or more instructions in instruction 
sequence 920 has a corresponding PC. In one embodiment, the PCs are numbered 
sequentially such that the PCs may be used as an index to locate a specific program 
instruction within instruction sequence 920. For example, Inst A is the first instruction in 
instruction sequence 920 and corresponds to a PC equal to zero. Call/Return B is the 
second instruction in instruction sequence 920 and corresponds to a PC equal to one. Inst 
F is the sixth instruction in instruction sequence 920 and corresponds to a PC equal to five. 
As persons skilled in the art will understand, a base address corresponding to the graphics 
memory location where the first instruction in instruction sequence 920 is stored may be 
used in conjunction with a given PC to determine the graphics memory location where the 
instruction in instruction sequence 920 corresponding to that PC is stored. 
[0081 ] When a group of four samples (such as group A defined in FIG. 3) are 
processed by execution pipeline 840, each of first thread 902, second thread 904, third 
thread 906 and fourth thread 908 is assigned to a different one of the four samples. Each 
of first thread 902, second thread 904, third thread 906 and fourth thread 908 also is 
uniquely identified by a thread identification code. One or more program instructions 
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within instruction sequence 920 is associated with a given processing thread by including 
the PC corresponding to the one or more instructions in the thread. For example, if 
Call/Return C is associated with first thread 902, then PC 910 is equal to one. Likewise, if 
Inst E is associated with first thread 902, then PC 910 is equal to four. 
[0082] When processing a particular sample in execution pipeline 840, the processing 
thread assigned to that sample passes through execution pipeline 840. The programmable 
computation units in execution pipeline 840 are configured to execute on the sample the 
operations specified in the one or more instructions corresponding to the PC specified in 
the processing thread. Importantly, since a given processing thread corresponds to only 
one sample at a time, each sample of a group of samples processed in execution pipeline 
840 has a separate PC. For this reason, different instructions corresponding to different 
PCs may be executed on the samples of a group of samples during a single pass through 
execution pipeline 840, thereby providing the system of FIGS. 7 and 8 with MMD 
capability. 

[0083] By contrast, a given PC token (described above in conjunction with FIG. 3) 
corresponds to a group of samples. Thus, each sample in the group processed in 
recirculating shader pipeline 200 has the same PC. For this reason, only the instruction(s) 
corresponding to that particular PC may be executed on a group of samples during a single 
pass through recirculating shader pipeline 200, thereby providing the system of FIGS. 1 
and 2 with only SIMD capability. 

[0084] FIG. 10 is a conceptual diagram illustrating a program flow 1000 corresponding 
to the one or more instructions of instruction sequence 920 of FIG. 9, according to one 
embodiment of the invention. As shown, program flow 1000 includes an instruction 1002, 
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which corresponds to Inst A of instruction sequence 920, an instruction 1004, which 
corresponds to Call/Return B of instruction sequence 920, an instruction 1006, which 
corresponds to Call/Return C of instruction sequence 920, an instruction 1008, which 
corresponds to Call/Return D of instruction sequence 920, an instruction 1010, which 
corresponds to Inst E of instruction sequence 920, an instruction 1012, which corresponds 
to Inst F of instruction sequence 920, and an instruction 1014, which corresponds to Inst G 
of instruction sequence 920. As also shown, program flow 1000 includes a call-return path 
1020, comprising a first call-return 1022, corresponding to instruction 1004, and a second 
call-return 1024. Program flow 1000 also includes a call-return path 1030, comprising a 
third call-return 1032, corresponding to instruction 1006, a fourth call-return 1034, 
corresponding to instruction 1008, and a fifth call-return 1036. As persons skilled in the 
art will recognize, each of first call-return 1022, second call-return 1024, third call-return 
1032, fourth call-return 1034 and fifth call-return 1036 may correspond, for example, with 
a different subroutine of a particular fragment program. 

[0085] As described above in conjunction with FIG. 9, an SD is associated with each 
nesting level of the call-returns that comprise a given call-return path in program flow 
1000. For example, as shown in FIG. 10, first call-return 1022 resides in the first nesting 
level of call-return path 1020. The SD associated with first call-return 1022 therefore has a 
value of 1. Second call-return 1024 resides in the second nesting level of call-return path 
1020, indicating that second call-return 1024 is nested within first call-return 1022. The 
SD associated with second call-return 1022 therefore has a value of 2. Similarly, third 
call-return 1032 resides in the first nesting level of call-return path 1030. The SD 
associated with third call-return 1032 therefore has a value of 1 . Fourth call-return 1 034 
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resides in the second nesting level of call-return path 1030, indicating that fourth call- 
return 1034 is nested within third call-return 1032. The SD associated with fourth call- 
return 1034 therefore has a value of 2. Fifth call-return 1036 resides in the third nesting 
level of call-return path 1030, indicating that fifth call-return 1036 is nested within fourth 
call-return 1034. The SD associated with fifth call-return 1036 therefore has a value of 3. 
By contrast, instructions 1002, 1010, 1012 and 1014 doe not include any call-return 
instructions. For this reason, the SD associated with these instructions has a value of 0. 
[0086] As previously described herein, when the four samples of group A are 
processed in execution pipeline 840, a processing thread is assigned to each of the four 
samples. Further, each multithreaded processing unit within execution pipeline 840 is 
configured to support multithreaded execution. A given multithreaded processing unit 
therefore may process one or more of the samples of group A asynchronously relative to 
the other samples, meaning that the multithreaded processing unit may execute the various 
instructions in instruction sequence 920 on the samples of group A at different times or in 
different orders. For example, the multithreaded processing unit may perform the 
operations specified in Call/Return C and Call/Return D (corresponding to instructions 
1006 and 1008, respectively) on the first and third samples of group A and the operations 
specified in Inst E (corresponding to instruction 1010) on the second and fourth samples. 
Similarly, the multithreaded processing unit may perform the operations specified in Inst F 
(corresponding to instruction 1012) on the second sample, then the third sample, then the 
first sample and then the fourth sample. In addition, to the extent that one or more 
instructions in instruction sequence 920 are associated with a conditional branch or a jump 
(not shown in FIG. 10), the multithreaded processing unit may perform the operations 
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specified in those instructions on one or more samples of group A and the operations 
specified in instructions depicted in program flow 1000 on the other samples of group A. 
Again, the fact that each thread (and therefore each sample in group A) has a separate PC 
provides the multithreaded processing unit with this capability. 

[0087] As described above in conjunction with FIG. 4, a divergence occurs any time 
that operations specified in an instruction are performed one or more samples of group A, 
but not on the other samples of group A. With respect to the system of FIGS. 7 and 8, if 
the threads assigned to the samples of group A have either different PCs or different SDs 
signals, then a divergence has occurred since, in each situation, different instructions are 
executed on the samples of group A. More specifically, if the PCs corresponding to the 
samples are different, then the divergence may be associated with a conditional branch, a 
jump or the like. If the SDs corresponding to the samples are different, then the divergence 
may be associated with a call-return or the like. Although the MIMD architecture of the 
system of FIGS. 7 and 8 enables different instructions to be executed on different samples, 
since each sample has a corresponding PC, oftentimes such a mode of operation (referred 
to as "divergent mode" or "MIMD mode") is not preferred because the efficiencies of 
synchronous processing (referred to as "non-divergent" or "SIMD mode") are lost. For 
example, LOD and derivative calculations typically are performed on a group of four 
samples from the same primitive, so these samples should be processed synchronously 
when LOD and derivative calculations are performed. 

[0088] As described in further detail below in conjunction with FIG. 12, however, a 
fragment program may be structured to include one or more "synch tokens" in various 
locations where operating in non-divergent mode is preferred. A synch token may be an 
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instruction to perform synchronization before proceeding to the next instruction in the 
program flow or an instruction with a bit set to signal that a synchronization should occur 
before executing that instruction. For example, referring again to FIG. 10, assume that the 
samples of group A have diverged along program flow 1000 such that the operations 
specified in Call/Return D (corresponding to instruction 1008) are executed on the first and 
third samples of group A, and the operations specified in Inst F (corresponding to 
instruction 1012) are executed on the second and fourth samples. Assume also that 
program flow 1000 is structured such that operating in non-divergent mode at instruction 
1014 is preferred. In such a case, Inst G of instruction sequence 920 may include a synch 
token to signal that a synchronization should occur before the operations specified in Inst 
G are executed on any of the samples of group A. The system of FIGS. 7 and 8 may be 
configured to hold idle each sample of group A that reaches instruction 1014 until all of 
the samples reach instruction 1014. Once all of the samples of group A have reached 
instruction 1014, and the system is configured to determine whether the samples are 
synchronized and, if they are, to process the samples in non-divergent mode, 
synchronously executing execute the operations specified in Inst G on each of the samples. 
In the event that the samples are not synchronized (or if synchronization takes too long), 
the disclosed system may be configured to terminate the synchronization process. 
[0089] FIG. 1 1 is a conceptual diagram of a set of stacks 1 100 used to track the 
divergence of one or more samples in program flow 1000 of FIG. 10, according to one 
embodiment of the invention. As shown, set of stacks 1 100 may include, without 
limitation, a first stack 1 102, a second stack 1 104, a third stack 1 106 and a fourth stack 
1 108. In one embodiment, each of first stack 1 102, second stack 1 104, third stack 1 106 
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and fourth stack 1 108 corresponds to a different sample processed in execution pipeline 
840. In an alternative embodiment, one or more stacks in set of stacks 1 100 may 
correspond to two or more samples processed in execution pipeline 840. 
[0090] Each stack in set of stacks 1 100 resides in the graphics memory. For example, 
in one embodiment, each stack may be stored in a dedicated local storage resource located 
within execution pipeline 840. In an alternative embodiment, a first portion of each stack 
may be stored in the dedicated local storage resource, and a second portion of each stack 
may be stored in local memory 740. As persons skilled in the art will recognize, the 
configuration of each of first stack 1 102, second stack 1 104, third stack 1 106 and fourth 
stack 1 108 is generally the same. For this reason, only the configuration of first stack 1 102 
is described herein. 

[0091] First stack 1 102 comprises a data structure that may include any arbitrary 
number of stack levels as represented by a first stack level 1 1 10, a second stack level 1112 
and continuing up to and including Nth stack level 1114. Each stack level is configured to 
store state data, which may be any type of information related to processing a sample in 
execution pipeline 840, as previously described herein. For purposes of illustration only, 
assume that the first sample in group A corresponds to first stack 1 102. 
[0092] As described above in conjunction with FIGS. 5 and 6A/6B, each time call 
instructions of a call-return are executed on the first sample, state data related to that 
sample is pushed onto first stack level 1110 of first stack 1 102 before the call instructions 
are executed. The pushed state data may correspond to any data related to the first sample 
upon which the call instructions should not be executed. As previously described, pushing 
state data onto first stack 1 102 removes the corresponding data related to the first sample 
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from working set of data 1 120, which includes all sample data upon which operations are 
performed in execution pipeline 840. To the extent that first stack level 1110 already 
contains state information, that state information is pushed down to a second stack level 
1112. The process of pushing state data already contained in each level of first stack 1 102 
down to the next level of first stack 1 102 continues until all state information in first stack 
1 1 02 has been pushed down one level. 

[0093] Similarly, as also described above in conjunction with FIGS. 5 and 6A/6B, each 
time return instructions of a call-return are executed on the first sample, state data related 
to that sample is popped from first stack level 1 1 10 of first stack 1 102 after the return 
instructions are executed. Again, as previously described, popping state data from first 
stack 1 102 restores the corresponding data related to the first sample to working set of data 
1 120. To the extent that second stack level 1112 also contains state information, that state 
information is popped up to first stack level 1110. The process of popping state data 
already contained in each level of first stack 1 102 up to the next level in first stack 1 102 
continues until all state information contained in first stack 1 102 has been popped up one 
level. 

[0094] As persons skilled in the art will recognize, since state data is pushed onto first 
stack 1 102 before executing call instructions and popped from stack 1 102 after executing 
return instructions, the SD of the first sample is always the same as the number of stack 
levels of first stack 1 102 that contain state data. For example, suppose that the operations 
specified in call instructions of Call/Return D (corresponding to instruction 1008 in 
program flow 1000) are to executed on the first sample. Since call-return 1034 resides in 
the second nesting level of call-return path 1030, the first sample has an SD of two. This 
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corresponds with the number of stack levels in first stack 1 102 that contain state 
information. More specifically, second stack level 1112 contains state data pushed onto 
first stack 1 102 prior to executing the call instructions included in Call/Return C, and first 
stack level 1110 contains state data pushed onto first stack 1 102 prior to executing the call 
instructions included in Call/Return D. As the foregoing shows, the SD of a sample 
processed in execution pipeline 840 in accordance with program flow 1000 may be 
determined from the number of stack levels in the corresponding stack that contain state 
data. 

[0095] As previously described herein, the PC of the processing thread corresponding 
to a given sample indicates the one or more instructions in instruction sequence 920 that 
are scheduled to be executed on that sample. Further, the SD of the sample indicates the 
nesting level any call-return instructions in instruction sequence 920 that are scheduled to 
be executed on the sample. Thus, the PC and the SD may be used to track the location in 
program flow 1000 of any sample being processed in execution pipeline 840. 
[0096] FIG. 12 is a flow chart of method steps for synchronizing one or more divergent 
samples, according to one embodiment of the invention. Although the method steps are 
described in the context of the systems illustrated in FIGS. 7-11, any system configured to 
perform the method steps in any order is within the scope of the invention. This 
description assumes for illustrative purposes only that the operations specified in an 
instruction sequence are executed on a group of samples in execution pipeline 840 of FIG. 
8 using processing threads. This description also assumes that one or more samples in the 
group have diverged, via a conditional branch, a jump, a call-return or the like, as 
previously described herein. 
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[0097] As shown in FIG. 12, the method of synchronizing starts in step 1200 where at 
least one sample of the group encounters a synch token. In one embodiment, a synch 
token is an instruction in the instruction sequence to synchronize the processing threads 
assigned to the group of samples. In an alternative embodiment, a synch token may be a 
bit within an instruction set to signal that a synchronization should occur before executing 
the instruction. Once a sample encounters a synch token, the multithreaded processing unit 
within execution pipeline 840 is configured to hold that sample idle and to wait for the 
other samples of the group to encounter a synch token. 

[0098] In step 1210, the multithreaded processing unit determines whether each sample 
in the group of samples has encountered a synch token. If each sample has not 
encountered a synch token, the method proceeds to step 1220. 

[0099] In step 1220, the multithreaded processing unit determines whether to initiate a 
time out. In one embodiment, the multithreaded processing unit is configured to wait a 
specified amount of time for the other samples of the group to encounter a synch token. If 
the specified amount of time elapses, then the multithreaded processing unit is configured 
to initiate the time out. If the multithreaded processing unit determines that it should not 
initiate a time out, then the multithreaded processing unit continues to wait for the other 
samples of the group to encounter a synch token and the method proceeds back to step 
1210. If, however, the multithreaded processing unit determines that it should initiate a 
time out, then the method proceeds to step 1240, where the multithreaded processing unit 
initiates termination steps. Termination steps may include, for example, killing the 
program and sending out an error message, killing the synchronization and letting the 
samples continue to process asynchronously, dumping the samples and all related data, 
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sending the samples and all related data to a specific buffer, letting the samples continue to 
process asynchronously and synching at the end or the like. 

[001 00] Referring again to step 1210, if each sample of the group has encountered a 
synch token, then the method proceeds to step 1230, where the multithreaded processing 
unit determines whether each sample has encountered the same synch token. If each 
sample has not encountered the same synch token, then the samples remain divergent and 
the method proceeds to step 1240 and termination steps are initiated. If, however, each 
sample has encountered the same synch token, then the samples have become non- 
divergent and the method proceeds to step 1250. As persons skilled in the art will 
understand, if every sample has encountered the same synch token, then the samples are all 
waiting for the same instruction in the program flow to be executed. Thus, each sample 
has the same PC and the same SD, indicating that they are non-divergent. In step, 1250, 
multithreaded processing unit proceeds to process the group of samples in non-divergent 
mode, synchronously executing each instruction in the instruction sequence on each of the 
samples in the group until another divergence occurs. 

[001 01] As persons skilled in the art will understand, the method of FIG. 12 is 
preferably implemented on a system with a MEMD architecture, such as the system of 
FIGS. 7 and 8, which is specifically designed to accommodate lots of conditional 
branching and jumps. Most systems, however, are not fully MIMD as such systems 
require large numbers of instructions, control paths and the like and, therefore, are 
expensive. Further, implementing the method of FIG. 12 also is expensive since doing so 
contemplates that every sample has its own PC, SD and stack. 

[001 02] For these reasons, the method of FIG. 12 may be modified for implementation 
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on a more SIMD-oriented system, such as the system of FIGS. 1 and 2, to address a limited 
amount of divergence arising from conditional branches, jumps, call-returns and the like. 
As explained in further detail below in conjunction with FIG. 13, in such an 
implementation, each sample has its own PC, but a subroutine depth scoreboard is used to 
track the SD of each sample, and a global stack is used to store the global state data of the 
non-divergent samples while the divergent samples are processed. As persons skilled in 
the art will recognize, the method of FIG. 13 adds flexibility to SIMD-oriented systems as 
many current SIMD-oriented systems do not support any type of arbitrary branching. 
Further, implementing the modified method may be less expensive than implementing the 
method of FIG. 12 since the modified method may be implemented in a SIMD-oriented 
system instead of a MIMD-oriented system and also provides for the use of a global stack 
instead of individual stacks. 

[001 03] FIG. 13 is a flow chart of method steps for processing one or more divergent 
samples, according to another embodiment of the invention. Although the method steps 
are described in the context of the systems illustrated in FIGS. 1-12, any system configured 
to perform the method steps in any order is within the scope of the invention. This 
description assumes for illustrative purposes only that the operations specified in an 
instruction sequence are executed on a group of samples in recirculating shader pipeline 
200 of FIG. 2 using modified processing threads (i.e., those that do not necessarily include 
an SD) instead of a PC token. 

[001 04] As shown in FIG. 13, the method of processing starts in step 1300 where the 
samples of a group are processed in non-divergent mode. As previously described herein, 
in non-divergent mode, each instruction of the instruction sequence is synchronously 
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executed on each sample of the group. In step 1310, remap 250 determines whether each 
sample of the group has the same PC. Remap 250 may make this determination, for 
example, by comparing the PCs of the processing threads assigned to the samples. If 
remap 250 determines that the samples of the group do not all have the same PC, then a 
divergence has occurred, via a conditional branch, a jump or the like, and the method 
proceeds to step 1330. 

[001 05] In step 1330, remap 250 holds idle the non-divergent samples (i.e., the samples 
having the same PC) and pushes the global state data relating to the non-divergent samples 
onto the first stack level of the global stack. As previously explained herein, pushing the 
global state data of the non-divergent samples removes those samples from the working set 
of data. Remap 250, then processes the divergent samples through the entire fragment 
program. Once this processing is completed, remap 250 pops the global state data of the 
non-divergent samples from the global stack, restoring the non-divergent samples to the 
working set of data. The method then returns to step 1300 where the non-divergent 
samples are processed in non-divergent mode. 

[00106] If, however, remap 250 determines that samples of the group all have the same 
PC, and the method proceeds to step 1320. In step 1320, remap 250 determines whether 
each sample of the group has the same SD. Remap 250 may make this determination, for 
example, by comparing the SDs of the samples stored in the subroutine depth scoreboard. 
If remap 250 determines that the samples of the group do not all have the same SD, then a 
divergence has occurred, via a call-return or the like, and the method proceeds to step 1330 
where the divergent samples are processed. If, however, remap 250 determines that the 
samples of the group all have the same SD, then no divergence has occurred and the 
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method returns to step 1300. 

[00107] One advantage of the systems and method disclosed in FIGS. 1-6 is that they 
enable a graphics processor to accommodates divergences fragment processing pipeline 
160 that are related to a call-return or the like. This capability increases the flexibility of a 
SMD-oriented system by enabling such a system to operate in a divergent mode when 
doing so is desired. 

[001 08] One advantage of the systems and methods disclosed in FIGS. 7-13 is that they 
enable a graphics processor to accommodates divergences in execution pipeline 840, 
whether those divergences relate to a conditional branch, a jump, a call-return or the like. 
This capability enables a MIMD-oriented system to operate in a divergent mode when 
doing so is desired, but also to operate in a non-divergent mode such that the efficiencies 
of synchronous processing are not lost. 

[001 09] The invention has been described above with reference to specific 
embodiments. Persons skilled in the art, however, will understand that various 
modifications and changes may be made thereto without departing from the broader spirit 
and scope of the invention as set forth in the appended claims. The foregoing description 
and drawings are, accordingly, to be regarded in an illustrative rather than a restrictive 
sense. 
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